The temporal, vertical and alongshore variation in inner-shelf temperature, T, across subtidal (ST), 16 diurnal (DU), and semidiurnal (SD) bands on coastlines with headlands is not understood. shelf T was observed with 20 moorings in 9-16 m depth with high vertical density during Fall 2017 18 along 50 km of central California coastline with headlands. The ST-first EOF is largely barotropic. 19
and linear baroclinic, without surface extrema. Inner-shelf DU-band temperature variability was 23 always evident, largest north of and weakest south of two headlands. The DU-T envelope was not 24 modulated by ST stratification and was not linked to the modeled DU-wind envelope. North of 25 one headland, the alongshore first CEOF of DU temperature has a previously unobserved 26 southward 2 m/s phase propagation, even though DU frequency is subcritical, that is not wind 27 forced. A frictional subcritical wave mechanism is proposed for the DU propagation. The SD-T 28 vertical structure varies alongshore, suggesting at different locations linear internal waves and 29 nonlinear cold bores. SD-T variability was incoherent with barotropic tides and decorrelates 30 alongshore in 7.5 km, contrasting with a few km offshore. The SD depth-averaged energy varied 31 strongly alongshore particularly north and south of the headlands, and stronger and weaker SD 32 energy was linked to nonlinear and linear baroclinic vertical structures, respectively, which are 33 headland influenced. 34 35
Plain Language Summary 36
How water temperature (T) varies both in the vertical, along the coast, and in time at both 37 tidal and longer timescales has important implications in the distribution, retention, and settlement 38 of marine biota and nutrients. Temperature variability in regions near coastal headlands are not 39 understood. Twenty inner shelf moorings with a high vertical number of temperature sensors were 40 deployed in 9-16 m water depths along 50 km of the central California inner shelf to measure 41 temporal, vertical and alongshore T variability. At 36 h or longer time-scales, water temperature 42 varies due to warm plumes that propagate northward or onshore that are affected by the headlands. 43
Water temperature always varies on a daily cycle, however this variation is not due to daily solar 44 heating or to daily sea breezes. Instead daily T variability propagates like a wave alongcoast, in a 45
Introduction 63
Inner-shelf water temperatures can significantly vary spatially and temporally (e.g., Boehm can be a measure of cross-shore exchange (Hally-Rosendahl et al., 2014) . 70
Studies of inner-shelf T variability can be divided into two general categories: (1) heat 71 budgets and (2) statistical analyses. A heat budget accounts for the total heat change of a control 72 volume due to cross-shore, alongshore, and surface heat fluxes. Heat budgets have identified how 73 processes such as upwelling, internal waves, and sea breeze driven transport contribute to inner-74 shelf water T variability at subtidal (ST, f < 33-1 cph; Austin, 1999; Fewings and Lentz, 2011) , cross-and alongshore heat fluxes require co-located measures of water T and currents over the 78 vertical as well as adequate alongshore spacing to identify advective heat flux divergences (e.g., 79
Austin, 1999), which can develop from coastal inhomogeneities, such as coastal topography or 80 kelp forests (Suanda et al., 2011) . Thus, heat budget studies are impractical over long stretches of 81 inhomogeneous coastlines. 82
Statistical analysis of the temporal, vertical and alongshore T (co-) variability can link 83 magnitudes and scales of variability to processes and the effects of coastal heterogeneity such as 84
headlands. In addition, T variability is explored across different frequency bands (e.g. ST, DU, or 85 SD) that differ in forcing and scale. For example, along 800 km of the central Chilean coast, 86 nearshore ST-band T variability was related to the alongshore wind stress (i.e., upwelling and 87 downwelling) and to coastal headlands (Tapia et al., 2014) . On the central CA coast, ST-band T 88 variability is primarily associated with northward propagating warm, buoyant (density changes 89 of 0.1-0.8 kgm-3) plumes originating from the Santa Barbara Channel (SBC), associated with wind 90 relaxation events (Melton et al., 2009; Washburn et al., 2011) . These warm buoyant plumes have 91 been in situ observed to propagate to San Simeon, CA, where the propagation distance increases 92 with duration of wind relaxation (Melton et al., 2009 ). Washburn et al. (2011) observed up to 4 93 oC plume to ambient water temperature differences with propagation speeds between 15-30 km d-94
1. The ST warm plumes tend to occupy the entire water column on the inner shelf (Washburn et 95 al., 2011; Suanda et al., 2016) , and have been interpreted using a two-fluid gravity current on an 96 alongshore uniform slope theory (Lentz and Helfrich, 2002) . In addition, intrusions of offshore 97 SBC-origin warm water onto the inner-shelf have also been observed north of Pt. Conception 98 (Nidzieko and Largier, 2013) . The changes in stratification induced by these warm plumes have 99 been observed to modulate both the DU-and SD-T fluctuations (Aristizabal et al. 2017) . 100
Inner-shelf DU-T variability can be related to a number of concomitant processes, such 101 direct wind forcing (e.g., Kaplan et al., 2003) , diurnal heating (e.g. Molina et al., 2014) , and 102 resonant forcing (e.g. Nam and Send, 2013 (Aristizabal et al., 2016) . 112
Inner-shelf SD-T variability often is influenced by internal waves (e.g., Pineda and Lopez, 113 2002) . SD-band near-bed T variability was elevated on the mainland (north) SBC channel and 114 decreased north of Pt. Conception, CA (Aristizabal et al., 2016) . This SD-band variability was 115 incoherent alongshore (Aristizabal et al., 2016) and presumably incoherent with the barotropic 116 tide. However, at locations near Santa Cruz island, SD-band near-bed T variability was coherent 117 due to the proximity to an SD, internal-tide generation region (Aristizabal et al., 2016) . Similarly, 118 in a 6-km wide Chilean bay in 20-m depth, the SD-T variability was coherent across the bay and 119 In 50-m depth, the SD internal tide was relatively alongshore uniform north and south of Pt. Sal 123
Methods 155

Study Region 156
This study utilizes a subset of the Inner Shelf Dynamics Experiment data (e.g., Lercza, et 157 al., 2019; McSweeney et al., 2019) . The study site is within the Santa Maria Basin (SMB) along 158 the central California coast (Figure 1a Measures of temperature, ( , , ), were obtained over the vertical (z) at 20 temperature-171 string moorings (denoted M1 to M20, Figure 1b ) deployed in an alongshore array (y) on the inner 172 shelf from SLO Bay to Pt. Arguello, California for yeardays 244-287 (1 September to 14 October 173 2017). The N-S spacing between moorings ranged from 670 m to 50 km. A total of 15 moorings 174 were deployed along the 9-m isobath (M1-5, M11-20). For 9-m moorings, thermistors were 175 located from 1.5 m above the seabed to mean low low-water (MLLW) with a vertical resolution of 176 0.5 m. Five moorings located near Pt. Sal (M6-10, Figure 1b ), were deployed in 10-16 m water 177 depths and obtained T from 0.5 m above the sea bed to MLLW with 1.5 m vertical resolution. A 178 subsurface float was located below MLLW so that the T mooring remained nearly vertical over 179 the ±1 m tidal range. All thermistors were RBR soloT and sampled at 1 s. For analysis, data were 180 averaged to 10 minutes. Winds were obtained hourly at four locations throughout the experiment 181 site (Figure 1b , denoted at W1-W4). W1 is an offshore mooring site. Locations W2 and W4 are 182 located very close to shore, and W3 is moored in 20 m depth. Modeled 10-m winds from a 2-km 183 horizontal resolution Coupled Ocean/Atmosphere Mesoscale Prediction System (COAMPS) 184 forecast model (Hodur, 1997) were linearly interpolated in three dimensions (longitude, latitude, At each thermistor on each mooring, temperature ( , ) was decomposed into a 191 mean〈 〉and four frequency bands, subtidal (< 33-1 cph, ( ) ( , )), diurnal ( 33-1 to 16-1 cph, 192 ( ) ( , )), semidiurnal (16-1 to 10-1 cph, ( ) ( , )), and high frequency (> 10-1 cph, not (Preisendorfer, 1988) . 206
Variability is separated into orthogonal modes, such that (for the subtidal band) 207
208 where ( ) ( /ℎ, ) is the subtidal (ST) temperature, N is the total number of measurements over 209 the vertical, and the first mode (n=1) describes the largest fraction of variance. For evaluating 210 vertical structure across all moorings, the first EOF mode vertical structure, 1 ( ) ( /ℎ) is 211 normalized in all three bands such that 212
(3) 213 214 Lastly, the arrival time of SBC-origin warm plumes are identified using the method of 215 
Vertical Temperature Statistics: Mean and subtidal, diurnal, and semidiurnal EOFs 276
Across all moorings, the normalized mean temperature ̃( /ℎ) profile (1) has a largely 277 linear vertical structure with some mid-water column variation ( Figure 6a ). The mean (time-278 averaged) stratification〈 2 〉 is estimated solely from the time-averaged T profiles (assuming 279 salinity effects are weak) as 280
where g is gravity, =1025 kg m-3, α is the thermal expansion coefficient, and the mean T gradient 282 is from the linear mean T profile ( Figure 6a ). The linear ̃( /ℎ) profiles suggests that the time-283 averaged mean stratification〈 2 〉is largely depth-uniform across all moorings. In the subtidal band 284 (ST), the first EOF represents between 95% to 99% of the variance, and across all moorings the 285 1 ( ) ( /ℎ) vertical structure is near one and mostly depth uniform (Figure 6b ), consistent with a 286 largely barotropic response. However, the mooring averaged 1 ( ) ( /ℎ) does have some vertical 287 structure, varying by 0.18 top to bottom, which impacts the ST stratification. The 1 ( ) ( /ℎ) 288 variability across moorings is weak suggesting that the subtidal vertical variability can be well 289
represented by a single mode across all moorings. 290
In the diurnal band (DU), the first EOF represents 75% to 95% (mean 87%) of the variance. 291
Across all moorings, the mean vertical structure of 1 ( ) ( /ℎ) has a weak mid-water column 292 maximum with near-surface and near-bed minima that are ⅔ of the maximum (Figure 6c variability is weak mid-water column that increases slightly near-surface and near-bed (dashed 298 lines in Figure 6c ), also suggesting that a single mode largely can represent the DU-vertical 299 variability across all moorings. 300
In the semidiurnal band (SD), the first EOF represents 76% to 95% (mean of 88%). Across 301 all moorings, the mean 1 ( ) ( /ℎ) vertical structure has a clear mode-one like baroclinic 302 response, although 1 ( ) ( /ℎ) is maximum in the lower-mid (z/h=-0.65) water column with 303 asymmetric response above and below ( Figure 6d ). Similar 1 ( ) ( /ℎ)was also observed in 8-m 304 and 10-m depth by Kumar et al. (2016) . Across all moorings, 1 ( ) ( /ℎ)variability is elevated 305 throughout the water column relative to other bands (Figure 6d dashed lines), suggesting that a 306 single vertical mode cannot represent the SD-vertical structure at all moorings. 307
Because the SD 1 ( ) ( /ℎ) has the largest variability across moorings, the 1 ( ) ( / 308 ℎ)vertical structure is examined separately over all moorings relative to a linear mode 1 baroclinic 309 structure (i.e., normalized sin(π(z+h)/h)) for depth-uniform N2 (Figure 7) . At some locations (e.g., to that for DU variability (Figure 9f ), also highlighting the strong effects of the headlands. 393 394
Subtidal Warm Plume Statistics 395
Here, the high alongshore mooring density is used to examine the alongshore variability of 396 ST plume statistics (see Section 2.3) for the three warm plumes identified in Figure 8a Figure 10a ). The is largely centered 425 at 18 oC, is coldest at M20, and is as much as 1.3 oC warmer at M13 (blue in Figure 10b ). If the 426 The plume 1 evolution is also dramatic, decreasing 1 oC and increasing 1 oC between M20 433 and Pt. Sal (Figure 10c ). North of Pt. Sal is largely less than -1 oC but is not monotonic. (Figure 11 , orange) and is not statistically significant at the 95% level (using a 447 decorrelation time of 96 h). For the diurnal easting winds (u), the correlation magnitude is larger 448 at some locations at +/-0.5 (Figure 11, blue) , but only statistically significant for one mooring near 449
Pt. Sal (filled blue symbol in Figure 11 ). However, this correlation is negative indicating strong 450
DU-T variability occurs during weak diurnal winds. Thus, we conclude that the DU-T variability 451
is not directly driven by the wind. 452
To further evaluate DU-T variability, 1 ( ) ( , ) is plotted as a function of local time of 453 day in hours versus yearday at moorings M1 and M7 (Figure 12) , separated by about 20 km. At 454 each mooring, the 1 ( ) ( , ) daily maximum is generally phase locked (with some variability) 455 with average maximum occurring around 1700 and 2200 (local time) for M1 and M7, respectively 456 ( Figure 12 ). Thus, M1 and M7 have a DU-T variability alongshore phasing with a 5 h lag. For 457 reference, the daily maximum DU winds consistently occur at 1600 (not shown). 458
To examine the alongshore coherent and propagating DU-T variability, a Hilbert EOF (e.g. 459
Horel, 1984) that resolves stationary and propagating co-variability (e.g., Horel, 1984; Merrifield 460 and Guza, 1990) is applied to 1 ( ) ( , ). For the DU-band, a complex * 1 ( ) ( , ) time-series 461 The DU first CEOF alongshore phase is estimated as 468
), (7) 469
where Re and Im represent real and imaginary components. The alongshore DU magnitude is 470
The first CEOF of alongshore DU temperature explains 67% of the latitudinal spatial 472 variability. Consistent with large variance fraction explained, the first CEOF magnitude 473 | 1 ( ) ( )| (Figure 13a ) has a structure similar to 〈( 1 ( ) ) 2 〉 1 2 (Figure 9d ). The first CEOF phase 474 1 ( ) ( ) reveals a coherent southerly propagation of 1.9 ms-1 between 35.15N and Pt. Sal (Figure  475 13b) with <5% propagating phase error (Merrifield and Guza, 1990) where the | 1 ( ) ( )| is 476 largest (Figure 13a ). Where | 1 ( ) ( )| is elevated between Pt. Sal and Pt. Purisima, the first 477 CEOF phase 1 ( ) ( ) also has a sense of coherent southerly propagation of 0.9 ms-1, slower than 478 north of Pt. Sal. 479
Even though the DU temperature 1 ( ) ( , ) is not related to the local DU wind envelope 480 ( Figure 11) , it may be possible that the 1 ( ) ( , ) alongshore phase propagation is driven by an 481 alongshore propagating DU wind phase. Here, we test whether an alongshore propagating 482 modeled DU wind phase locally drives a alongshore propagating DU-T phase 1 ( ) ( ) ( Figure  483   13b ). An alongshore CEOF decomposition was performed independently on the diurnal-band 484 northing and easting winds (denoted with superscript "DW"). The first CEOF of easting and 485 northing diurnal wind explains 93% and 68% of the diurnal wind variance, respectively, and the E 486 and N magnitude | 1 ( ) ( )| varies by a factor of 2 over the study region (Figure 14a ). However, 487 the phase 1 ( ) ( ) is relatively constant alongshore, indicating the DU winds are in phase 488 alongshore (Figure 14b) . Therefore, the observed DU temperature southward propagation also is 489 not directly wind forced. 490 491
Semidiurnal band depth-integrated energy, decorrelation length-scales, and barotropic tidal 492
coherence 493 For depth-uniform mean stratification 〈 2 〉 (Figure 9c ) and for kinetic and potential energy 494 equipartition, the depth-and time-averaged semidiurnal energy ( ) , accurate to second order, is 495 a function of the first EOF amplitude 1 ( ) and mean stratification 〈 2 〉as, 496
The expression for ( ) is independent of 1 ( ) ( /ℎ) because of the normalization (2). The 498 depth-averaged energy (as opposed to depth-integrated) is chosen to remove the effect of mooring 499 depth variations (Figure 9a ). Both standing and propagating energy ( ) (e.g., Lerczak et al. 2003 ; (9) 503
The SD depth integrated energy ̃( ) varied strongly (factor 5×) alongshore in 9-16 m 504 water depth, particularly south of Pt. Sal and Pt. Purisima (Figure 15 ), highlighting the strong 505 effects of the headlands. The ̃( ) is weak (about 0.2) to the north, increases strongly south of 506 35N toward a maximum ̃( ) = 1at Pt. Sal (Figure 15 ), and sharply decreases by a factor of 4 507 just to the south of Pt. Sal. Just north of Purisima Pt. a secondary ̃( ) = 0.5maximum occurs, 508 which decays south of Purisima Pt. although not as dramatically as at Pt. Sal (Figure 15 ). In Sal, Figure 1c ) is likely due, in part, to strong bathymetric refraction within the bay and also the 516 shallower bathymetric slopes (relative to M8 at Pt. Sal) giving greater propagation distance for 517
dissipation. 518
Any spatial coherence of the SD band 1 ( ) ( , ) (Figure 8c ) is less clear than for ST or 519 DU variability (Figure 8a,b) . SD band 1 ( ) ( , ) alongshore spatial decorrelation scales are 520 estimated from lagged cross-correlation analysis. Lagged 1 ( ) ( , ) cross-correlation functions, 521 , , are estimated over all mooring pairs for 48-h window, such that 522
, (10) 523
where E is the expectation operator, i and j denote unique pair of moorings, t is time, and is the 524 temporal lag. The maximum , ( ) per mooring pair is referred to as ( ) and is averaged in 3-525 km spatial bins. The ( ) decays rapidly with alongshore instrument separation ( Figure 16) with 526 an e-folding decay scale of 7.5 km, indicating that 1 ( ) ( , ) decorrelates on relatively short 527 alongshore spatial scales. Although the 1 ( ) ( , ) variance (and ̃( ) ) largely varies smoothly 528 with latitude, except near Pt. Sal (Figure 9e an alongshore-uniform sloping bathymetry (Lentz and Helfrich, 2002) . Here, the high alongshore 551
resolution array that extended north of Pt. Sal (Figure 1 ) allowed headland and offshore 552 recirculation effects on three warm plumes to be observed, in contrast to the Lentz and Helfrich 553 (2002) model. Plumes 2 and 3 are in many ways, but not completely, consistent with what would 554 be expected for a warm buoyant plume for a coastline without headlands. Plumes 2 and 3 headland 555 effects were seen in , , and in propagation limited to Pt. Sal (Figure 10) , even with 556 wind relaxation conditions. For the strong plume 1 which occurred during a long (10 d) wind 557 relaxation, warm water arrived north of Pt. Sal within 3 h of south of Pt. Purisima (Figure 10a) , 558 much too fast for a northward-flowing current and implying onshore advection of warm water due 559 to other processes (Nidzieko and Largier, 2013 deflect the warm SBC plume offshore, with potential for reconnection north of Pt. Sal. Another 566 possible mechanism for warm water development north of Pt. Sal is the Pt. San Luis (Figure 1 ) 567 upwelling shadow that tends to occur in late summer through early fall (Walter et al., 2018) . Here, the first DU EOF (Figure 6c ) had a mixed barotropic and linear baroclinic vertical structure, 582 suggesting surface forcing is not the dominant process. The lack of an observed relationship 583 between envelopes of the diurnal (easting and northing) winds and diurnal temperature 1 ( ) ( , ) 584 ( Figure 11 ) indicates that direct wind forcing did not drive the DU temperature variability in 9-16 585 m water depth along this stretch of coastline, counter to previous conclusions. 586
The DU temperature has a linear southward phase propagation of 1.9 m/s over a region of 587 18 km between SLO Bay and north of Pt. Sal (Figures 12 and 13b ). Such southward alongcoast 588 phase propagation for the subcritical DU frequencies has not been previously observed. The 589 inferred phase speed is too rapid to be advection. A sense of southerly propagation also occurs 590 between Pt. Sal and Pt. Purisima (Figure 13b al., 2016) suggests that this is not the mechanism allowing propagation here. In the SBC, the 604 subtidal vorticity did not influence elevated DU temperature variability (Cudaback and McPhee-605 Shaw, 2009 ). An internal Kelvin or shelf mode (e.g., Mysak, 1980 ) could support frequencies < 606 f, but it would propagate northward. Furthermore, if this was a propagating internal wave, a strong 607 baroclinic vertical structure would be expected, as opposed to the mixed barotropic and baroclinic 608 vertical structure (Figure 6c ). forcing conceptually acts as a forced oscillator, which could sets up baroclinic cross-shore standing 616 modes (e.g., Llewellyn-Smith, 2004) that are typically alongcoast evanescent because the diurnal 617 frequency < . The allowed northward-propagating Kelvin and shelf modes is not observed 618 because SLO Bay source blocks northward propagation. However, friction is presumably 619 significant for baroclinic motions in these shallow waters (e.g., Pringle and Brink, 1999) . For a 620 barotropic linear shallow-water f-plane with Rayleigh (linear) friction, the evanescent dispersion 621 relationship is detuned and mixed decaying and southward propagating solutions are allowed, i.e., 622 . This analysis is to be presented elsewhere, and thus, this is only 629 considered a proposed mechanism for the southward phase propagation. 630 631
Semidiurnal Temperature Variability 632
The separation of semidiurnal temperature variability into vertical modes and alongshore 633 structure elucidates how both the SD vertical structure (Figure 7 ) and the depth-integrated energy 634 ̃( ) (Figure 15 ) vary alongshore. Previous SD-band temperature analyses over similar 635 alongshore scales have focused on a single near bed thermistor (e.g., Aristizabal et al., 2016) , 636 resulting in aliasing SD vertical structure into alongshore variability. For example, the ratio of 637 near-bed 1 ( ) ( /ℎ) between M14 and M1 is > 2, even as their ̃( ) are similar. Using only near-638 bed thermistors would lead to the conclusion that M14 has much stronger SD variability than M1. Figure 7) is represented by mean square misfit 2 , defined as 653
where 2 = 0 is a linear mode 1 response. 655
The misfit 2 varies from 0.01 to 0.24, indicating near-exact to strong deviation from linear 656 baroclinic response ( Figure 17 ). The misfit 2 and normalized SD energy ̃( ) are linearly related 657
( 2 = 0.61) with stronger energy related to larger misfit (Figure 17 ), consistent with linear 658 baroclinic structure for weak SD internal tide and nonlinear bottom intensified structure with 659 stronger SD internal tides. The SD misfit and energy are heuristically grouped by geography and 660 1 ( ) ( /ℎ) (colors in Figure 17 ). The generally largest ̃( ) and largest 2 are clustered into a 661 group denoted B (red in Figure 17 Figure 17 ). Mooring M10 is less than 2 km separated 674 from the M8 just west of Pt. Sal (see Figure 1c ) which has strongest ̃( ) =1. M10 is the most 675 sheltered mooring location yet has vertical structure consistent with a nonlinear cold bore ( Figure  676 7j). Offshore of M10 is also more shallowly sloped than at nearby locations (e.g., M8, M9, and 677 M11, Figure 1c is a proposed mechanism for the observed DU propagation. 708
In contrast to the DU and ST bands, the SD-T vertical structure 1 ( ) ( /ℎ) varies 709 alongshore, suggesting at different locations linear internal waves and nonlinear cold bores. Inner-710 shelf SD-band temperature variability is modulated by the ST-band stratification, consistent with 711 previous results. The SD depth-averaged energy varied strongly (factor 5×) alongshore 712 particularly near the headlands, with locations near Mussel Pt. and Pt. Sal regional internal wave 713 hotspots. SD-T variability was incoherent with barotropic tides and decorrelates alongshore in 7.5 714 km, contrasting with SD-T variability a few km offshore. Enhanced and weaker SD depth-averaged 715 energy was linked to nonlinear and linear baroclinic vertical structures, respectively, which are 716 headland influenced. These alongshore variations in SD variability and vertical structure are likely 717 important to material transport. 
